We are interested in developing quantitative tools to study RPE morphology. We want to detect changes in the RPE by strain, disease, genotype, and age. Ultimately these tools should be useful in predicting retinal disease progression. The morphometric data will also help us to understand RPE sheet formation and barrier functions. A clear disruption of the regular cell size and shape appeared in mouse mutants. Aspect ratio and cell area together gave rise to principal components that predicted age and genotype accurately and well before visually obvious damage could be seen.
Introduction
We hypothesize that in age related macular degeneration (AMD), stage-specific mechanical stresses act on the RPE, altering morphology. In this article we describe imaging and computational analyses for staging and categorizing these morphological responses in the RPE.
The morphology of the RPE cell is affected in disease states in many retinal and macular diseases. Breakdown of the RPE leads to a loss of the blood-retina-barrier [1] . In a diseased state, RPE changes can include epithelial-mesenchymal transition and abnormal proliferation. Changes can range from minor shape changes to cell death. Here, we seek to define patterns in the local interactions of RPE cells, when viewed en face, which are characteristic of the very earliest changes in shape that precede AMD. We have begun with simple mouse model systems to study the normal and diseased RPE sheet in flatmounts. We previously established that the rd10 mouse RPE sheet experiences many abnormalities [1] . Here we quantitatively detect early changes that appear useful as predictors of subsequent damage and death of RPE in this and other strains. We created a large dataset and discovered principal components based on two metrics, aspect ratio and cell size, that provided discrimination among strains and ages of mice. With this information we can begin to build a useful model of RPE degeneration as a predictive tool for retinal disease and AMD progression.
Materials and Methods
All animals were cared for in an AAALAC certified facility under an approved IACUC protocol [2, 3] . Over 100 mice were used, including C57BL/6J (WT) and mutant lines (rd10, IRBP knockout (KO), and rpe65 KO) that were congenic with C57BL/6J. Dissection, fixation, flatmounting, staining, and imaging were conducted as previously described [2] .
To analyze photomerged images, Cell Profiler version 1.0 (release 9717) was used [4] . About 1.0 million cells were analyzed; CellProfiler automatically collected morphometric data (in 23 metrics) on every cell. We used functional principal component analysis (FPCA) to analyze the data.
Results
In Fig. 76 .1, Panel A is an example of a flatmount that was photomerged from 64 images, and then 21 selected rectangles were analyzed in CellProfiler. Data were collected from four radial zones from three strains of mice (WT C57BL/6J, IRBP KO, and rpe65 KO). The density distributions of cell area in Panels B-D indicate differences according to strain and zone. The shapes of the distributions varied widely.
In Fig. 76 .2, at very young ages from P30 to P60, we observed no difference in cell size, density or number of sides. Previously, we observed early changes in eccentricity and form factor [2] , and here we detected differences in solidity and extent of the RPE cell, indicating quantitative irregularities in the shape of RPE cells from the rd10 mouse that were not detected by visual inspection.
In Fig. 76 .3, we tested the hypothesis that the aspect ratio (a measure of cell shape) combined with cell area of the RPE cells would be a useful predictor of future deterioration of the RPE sheet. The figure shows function principal component analysis (FPCA) results with the first four principal components (PC). With this approach it was possible to clearly resolve young versus old in WT, rpe65, and rd10. For example, PC1 and PC2 resolved rd10 and WT at both young and old ages well. Thus, principal components allowed an accurate genotyping of each strain regardless of age. Prediction accuracy of the age and genotype of an unknown mouse RPE flatmount was >98%.
In Fig. 76.4 , extremely large RPE cells from P100 rd10 are illustrated. These cells appeared to be multinucleate [5] , though a possible confound is "show-through" of underlying capillary endothelial cells. In normal pigmented mice, pigment granules block "showthrough"; however, if stretched thin, the number of pigment granules can be so small that underlying capillary nuclei become readily visible. There was no obvious pattern or location in the appearance of the extremely large cells. For example, in Panels A and B the large cells were near highly eccentric cells, but not near many other large cells. Regardless of mutant or WT strain, at least 25% of cells were binucleate [6] .
Discussion
RPE sheet morphometrics clearly indicate retinal disease stage and age. That is, we can predict genotype at early stages before any damage occurs in simple Mendelian inherited retinal degenerations in mouse. We speculate that this can be applied to human RPE and predict who is at risk for AMD. Further, the approach could be used to monitor treatment effectiveness and dosing schedules.
The general utility of the CellProfiler pipeline [4] was in the analysis of spatial and temporal information and in capturing quantified information on numerous metrics of millions of individual RPE cells ( Fig. 76.1 ).. The density distributions of cell areas in different regions indicates that within the eye, that spatial variation of the morphology can be almost as significant as that between different strains.
At early ages some metrics were not useful in early discrimination of rd10 from WT. However, shape-related metrics (aspect ratio, solidity, eccentricity, and extent) revealed clear differences between mutant strains and WT at early stages before a human observer could detect morphologic changes ( Fig. 76.2 ), suggesting a promising class of metrics to pursue.
By utilizing FPCA (based on joint aspect ratio and cell size) we achieved: (1) discrimination by age in each genotype, (2) discrimination among genotypes at each age, (3) discrimination among all six age-genotype groups (Fig. 76.3) ). This establishes that we can make predictions of each genotype and its outcome at an early age with high accuracy and confidence.
In young wild type mice the RPE morphology resembles a regular hexagonal array of cells of uniform size throughout the retina except near the ciliary body, where the shapes of RPE resemble a soft network of teardrop-or fish scale-shaped cells at the periphery (called the transitional epithelium, an 8-10 cell-wide zone). It is common to see a few discrete dots of ZO-1 staining in the cytoplasm of these transitional cells. The regular RPE lack these dots.
Mutant eyes develop a subpopulation of large cells. To compensate for cell loss, adjacent RPE cells expand surface area to prevent gaps from emerging between adjacent cells. Over time there is an equilibration of cell sizes, leading to most cells becoming larger. However, in rd10 mice, we find some extremely large cells (Fig. 76.4) , and it remains to be explained why there is no equilibration of cell size among those and nearby cells. We speculate that there are unknown permanent structures attached to some cells that hinder movement or area expansion, and this prevents cell size equilibration.
In conclusion, cell size and aspect ratio ought to be investigated to discriminate (with FPCA) between normal and early stage AMD. Morgan et al. [7] have reported noninvasive AO-FAF imaging of RPE. Flood illumination and AO, Syed et al. [8] may be useful as well. Analysis of data from such instruments with the approach we report here ought to be considered. Inhomogeneous spatial distribution of morphology in experimental mouse RPE flat-mount data. (A) RPE flat-mount defining measuring zones 1-4 (red numbers). (B-D) Cell area distributions for four zones: (B) Wild-type mouse at P60; (C) IRBP mutant at P60; (D) RPE65 mutant at P60. While the WT distributions were tighter and more similar from one zone to the next, most of the other distributions were more spread out and revealed no obviously similar patterns of cell sizes. Comparison of rd10 and wt RPE at young ages. Four metrics obtained in CellProfiler were studied for potential differences. These included cell area, cell density, solidity, and extent. The definitions of solidity and extent are diagrammed. No differences in the averaged cell area or cell density were detected comparing rd10 to WT at P30, P45, or P60. The solidity and extent of rd10 RPE cells were reduced compared to WT at all three ages. Scatterplot of the first four principal components from FPCA analysis using aspect ratio and cell area. Different colors and marks indicate six distinct classes: young C57BL/6J, old C57BL/6J, young rpe65 KO, old rpe65 KO, young rd10, and old rd10. Highly enlarged cells in the RPE sheet of the P100 rd10 mouse. Green represents ZO-1 staining, and red represents propidium iodide staining of nuclei. Panels A and B illustrate representative large cell patches from rd10. Panel C represents aged matched WT. The large cells appeared multinucleate in A and B. The scale bar in Panel C represents 100 microns and applies to all panels.
